A systematic study for esterification procedures to the synthesis of BINOL diesters is described. Reaction conditions with TFAA and 85% H 3 PO 4 were selected as the best procedure to prepare enantiomerically pure (S)-BINOL diesters VIII to XI with almost quantitative yields and very low reaction times.
INTRODUCTION
Since 1990, the enantiomeric atropoisomers of 1,1´-binaphthyl-2,2´-diol (BINOL, I) have become one of the most widely used ligands for both stoichiometric and catalytic asymmetric reactions.
[1] The preparation of racemic BINOL and its resolution has been widely studied, and some well-established methods are reported.
[2]
Stereoselectivity control is based in the utilization of molecules from the C n or D n groups of symmetry that allow the prediction of enantioselectivity due to the existence of only one reactive species. Under this supposition, chiral atropoisomers become very interesting, especially those corresponding to binaphtyl systems. The potential of I as a ligand for metalmediated catalysis was first recognized in 1979 by Noyori in the reduction of aromatic ketones and aldehydes.
[1g] BINOL itself, however, does not always give satisfactory results in asymmetric catalysis, and since Noyori's discovery there has been an ongoing interest in modified BINOL ligands. The rigid structure, thermal stability and the C 2 symmetry of the chiral binaphthyl molecules play an important rol in assymetric induction. In the last few years, BINOL derivatives have become attractive moleculeswith applications in chiral supramolecular recognition, crystal engineering, electro optical materials and polymers, among others. [3] [4] [5] [6] These type of binaphtyl compounds are often synthetized using enantiomerically pure BINOLas the starting material easily transforming the 2,2´-hydroxy groups into other functional groups.
[7]
RESULTS AND DISCUSSIONS
Several diastereoselective synthesis of macrocycles have been developed using chiral auxiliary groups and rigid organic templates. [8a-d] As part of our research work on the we now report a systematic study of some efficient and optimized synthetic routes to saturated and unsaturated (±)-BINOL diestersthrough five different procedures, with the aim of determining the best reaction conditions,easy to handle, with high efficiency and minimum environmental impact, comparing the direct acylation using carboxylic acids with those mediated by acid derivatives (Scheme 1). Once the best selected procedure was chosen, it was applied for the synthesis ofenantiomerically pure (S)-BINOL diestersVIII -XI starting from (S)-BINOL.
[9]
Among some uses, these compounds have great application in odontology, [10] and are a source of chiral dendrimers for use in asymmetriccatalysis.
[11]
Direct acylation of alcohols with carboxylic acids is preferred over acylation with anhydrides (poor atom economy) or acid chlorides (moisture sensitive With the aim of finding esterification procedures with high efficiency and minimum environmental impact, we report here the results obtained in the synthesis of diestersII to
VIIcomparing the direct acylation of BINOL (I) using carboxylic acids with the reaction mediated by acid derivatives (Scheme 1) . This initial studies were conducted using racemic I, but the procedures were equally valid for the enantiomerically pure BINOL diestersVIII -XI synthetized later.
First, racemic (±)-BINOL (I) was prepared according to well known procedures.
[2a] (S)-BINOL was purchased from Aldrich, although there are established methods to resolve (±)-BINOL.
[2d]
The esterification of I was achieved following five different reaction conditions (Methods A-E) and the results obtained are summarized in Table 1 .
[13]
The progress of the reactions was monitored by TLC of silica gel and, after completion, quantified by GC-MS through a standard curve generated from isolated pure product.
The first method is one of the most versatile procedures of direct esterification that uses dicyclohexylcarbodiimide (DCC) and dimethyl-aminopyridine (DMAP). [14] The reaction probed to be insensitive to steric hindrance in the carboxylic acid and proceeded at room temperature with reaction times between 1-4 h.In this case, the reaction was carried out in a toluene/p-toluensulfonic acid media instead of the classical (and non recommendable)benzene commonly used in this esterification method (Method A, Table ACCEPTED MANUSCRIPT   ACCEPTED MANUSCRIPT   5 1, entries 1, 6, 11, 16, 21 and 26) . The yields observed in the crude reaction products are high (between 81 -98 % , determined by GC-MS analysis) but it has the disadvantage that N-acylurea generated as a byproduct must be carefully separated by filtration through celite and silica gel 60 column chromatography. This causes some lost in the final yield about 10%.
One particular transesterification methodology, which also uses carboxylic acids and phenols mixtures as substrates, is trifluoracetic acid anhydride (TFAA) /H 3 PO 4 -mediated direct O-acylation, that has obtained a new impulse recently.
[15] Here, we extended the method to the synthesis of BINOL diesters through this single-step and metal-free process (Method B, Table 1 , entries 2, 7, 12, 17, 22 and 27). The reactions were performed at room temperature or with gentle warming (50ºC) depending on the carboxylic acid used, under air atmosphere. To our pleasure, all the reactions tested were ready between 15 to 45 minutes with almost quantitative yields of the racemic BINOL diestersII -VII and no formation of the monoester was observed. A simple extraction and washing with diluted NaOH solution provides the target diesters almost pure. In the case of compounds VI and VII,yields are relatively minor probably due to some steric hindrance in the carboxylic acid that also delayed the esterification reaction. [16] On the other hand, it is well known that there are some advantages in the use of acyl chlorides or acid anhydrides instead of the Fisher esterification. Some of them are increased speed, performance, milder conditions and lack of reversibility. The main disadvantagesare that not always the desired acid chloride is available and its preparation ACCEPTED MANUSCRIPT ACCEPTED MANUSCRIPT 6 involves some special care due to its moisture sensitivity. Taking into account that alkoxide ion treatment with acid halides and other derivatives is a common way to access esters in some cases, NaHcan be used as a base and is very easy to handle (air manipulation). Thus, the course of the racemic BINOL (I) esterification reaction was analyzed using the corresponding acyl chloride, NaH and THF at room temperature (Method C, that, in these cases, the lack of reactivity is due to a strong intramolecular coordination of the sodium cation with the alcoxide anion and the carboxylic group when the first esterification reaction is completed and could hinder diesterification. According to previous studies referred to etherification reactions, [17] [18] crown ethers can prevent this undesired association by solvation of the sodium cation and increasing the nucleophilicity of the anion.So, we decided to study the same reaction conditions (NaH / THF / r.t.) but now adding 18-crown-6 (Scheme 2).
As can be seen from Finally, the esterification procedure of (±) BINOL (I)was studied with acyl chlorides in a phase transfer catalytic (PTC) media (Method E, Table 1, entries 5, 10, 15, 20, 25 and 30) . The biphasic system wasdichloromethaneand aqueous NaOH in the presence of a quaternary ammonium salt such as Bu 4 N + Cl -(Scheme 3). [19] NaOH is critical for good performance, but its concentration cannot exceed 30% since it can result in the hydrolysis of the resulting ester.
[20]
The optimum conditions for this esterification include the use of 0.03 equivalents of catalyst, dichloromethane as solvent and low temperature (0°C to r.t.).
The observed yields for this procedure ranged between good to very good (53-95%) in moderate reaction times (12-24 h). The diestersII -VIIwere isolated by simple phase separation, washed with aqueous sodium bicarbonate, dried and purified on silica gel 60 column chromatography.
Once the optimum conditions for the synthesis of BINOL diesterswere fixed (Method B, TFAA/H 3 PO 4 , r.t. or 50° C, air atm.), this procedure was applied to obtain the desired enantiomerically pure (S)-BINOL diesters VIII -XI. As expected, the products were obtained with excellent to quantitative yields and all the reaction times were between 15 to 45 min (Scheme 4).
In summary, we present here a comparative study of different procedures modifications leading to optimize synthetic routes to saturated and unsaturated BINOL diesters, racemic or enantiomerically pure, with excellent yields. Some of these methods demonstrated to be excellent and very efficient as in the case of Method B, which proved to be smooth and free from special care on the preparation and/or preconditioning of an acyl chloride. 
ACCEPTED MANUSCRIPT ACCEPTED MANUSCRIPT

General Procedure For The Esterification Reactions Of (±)-BINOL (I)
A solution of (±)-BINOL (I), solvent, esterification agent and the corresponding carboxylic acid or acyl chloride were combined according to Methods A to E, resumed in Table 1 (see Supporting Information for complete details). The reactions were monitored by thin-layer chromatography (TLC).
Selected Data Esterification reactions of (S)-BINOL. General Procedure for the Synthesis of enantiomerically pure (S)-1,1′-binaphthyl-2-2′-diyl dimetacrylate (IX). Method B (TFAA, H 3 PO 4 , r.t. or 50°C).
A mixture of methacrylic acid (0.228 mL, 2.6mmol), (S)-BINOL (0.342 g, 1.2mmol) and 85% orthophosphoric acid (H 3 PO 4 , 0.012 mL, 0.24mmol) was stirred under air atmosphere. To this solution, trifluoroacetic anhydride (TFAA, 1.41 mL, 10.0mmol) was added dropwise and the resulting mixture was allowed to stir at room temperature (see Table 1 ). The progress of the reaction was monitored by TLC. The reaction mixture was added to a little crushed ice, extracted with diethyl ether (3 x 8 mL), washed with 10% NaOH solution (2 x 8 ml) followed by water (2 x 8 mL), .8, 120.7, 122.6, 124.6, 125.0, 125.6, 125.7, 126.9, 128.3, 130.4, 132.4, 134.4, 145.9, 164.3 
